Hot cracking formation and its mechanism in invar alloys (Fe-36mass%Ni) during continuous casting was investigated. The invar alloy is very sensitive to hot cracking due to its low transition temperature of brittle to ductile fracture even though its solidification interval is narrow. At the cooling rate of 10°C/min the transition temperature of brittle to ductile fracture is about 113°C below the solidus temperature. An increased cooling rate in invar alloy increases transition temperature of brittle to ductile fracture. It is increased to about 43°C below the solidus temperature when the cooling rate is increased to 100°C/min. A mechanism of hot cracking formation in invar alloys has been proposed. Hot cracks in invar alloys with a fast cooling rate are formed between the primary dendrites due to the equiaxed solidification structure. However, at slow cooling rate, hot cracks are formed between the grain boundaries due to the columnar structure.
Introduction
Hot cracking, also called hot tearing, solidification cracking or hot shortness is one of the most common and serious defects encountered in many casting processes such as welding and continuous casting. It is particularly difficult to control as it involves an interaction of mechanical and metallurgical factors.
In order to prevent these defects, a number of explanation have been given for the formation of hot cracking by using the various different tests such as the circular groove test, 1) the cast pin test, 2) the hot ductility test 3) and the transvarestraint test. 4) Various theories such as the shrinkage brittleness theory, 5) the strain theory 6, 7) and the generalized theory 8) have been proposed. According to the shrinkagebrittleness theory, 5) during cooling from the coherent temperature to the solidus temperature, i.e., the brittle range, contraction strains will develop because the semi-solid mass is unable to move freely. When a critical strain has been exceeded, a crack will occur in the solid network. The strain theory proposed by Pellini and his co-workers 6, 7) describes that hot cracks take place only when liquid films between the dendrites are existed as well as a localized strain caused by the thermal gradients. Borland 8) combined the shrinkage-brittleness and strain theories and suggested the dihedral angle concept as an important factor in controlling the morphology of the liquid films.
The wetting phenomena of the solid grain boundaries was observed by Fredriksson and Lehtinen, 9) where Al-alloys were heated and strained to fracture in a scanning electron microscope with simultaneous video recording.
Weinberg 10) investigated the transition temperature between brittle and ductile fracture performing high temperature tensile tests on carbon steel. He found that the transition temperature occurred from 40 to 70°C below the solidus temperature. No solute concentrations were found on the fracture surface.
The above-mentioned experimental results were achieved by heating up specimens from room temperature to a desired temperature around the solidus temperature at which the ductility was to be measured. The microstructure obtained in this way differs considerably from material melted and solidified directly to the test temperature.
11)
The development of experimental equipment that is able to accurately control the temperature and displacement of specimens during solidification made it possible to investigate the hot cracks of 'in-situ' solidified specimens as well as cooling rate effects. According to Rogberg, 12) increased cooling rates made the sample more susceptible to hot cracking in the primary ferrite solidification mode. In contrast in the primary austenite solidification mode, increased cooling rates made the sample less susceptible to the hot cracking.
The models for hot cracking available today are based on the presence of liquid films. Feurer 13) developed a model for hot cracking, concerning the feeding of the mushy zone in combination with shrinkage. Clyne and Davis 14) made a model for solidification cracking and experimental work with Al-based alloys. The model suggests a cracking susceptibility coefficient (CSC), which is the ratio between the vulnerable time period and the time available for stress relaxation. Clyne, Wolf and Kurz 15) modified this model by taking micro segregation into account. A model presented recently for hot cracking by Rappaz, Drezet and Gremaud 16) also suggests a hot cracking sensitivity (HCS) index similar to that of Clyne and Davis. Rappaz et al. considered the shrinkage and the deformation of a two-phase dendrite network and combined this with the feeding of the mushy zone.
As mentioned earlier, most theories are based on that hot cracks are formed when liquid is present in interdendritic area and at grain boundaries. In contrast, many investigations have shown that hot cracking can occur below the solidus temperatures. 10, 12, 18) The aim of this work therefore is to investigate if there can be another mechanism to cause hot cracks than the liquid film theory. Hot ductility and strength of in situ solidified specimens of type 304 stainless steel and Fe36mass%Ni alloys were measured using high temperature tensile testing equipment. Another feature is to examine the effect of cooling rate on hot cracking. Fracture morphology and solidification structures during and after solidification were examined using the scanning electron microscope (SEM) and unidirectional solidification equipment. Table 1 shows the chemical compositions of the alloys used in this test. Samples of type 304 stainless steel were taken from slabs produced by continuous casting and made by hot rolling. Samples of invar alloy with 0.0014 mass% S were made in a high frequency vacuum induction furnace.
Experimental Procedure

Alloy and Microstructure
Fracture surfaces of samples from the high temperature tensile test were examined using SEM. The samples after unidirectional solidification tests were cut along the longitudinal axis. The sections were polished and etched in sulphuric acid.
Hot Ductility and Strength during and after Solidification
The hot ductilty and strength during and after solidification of the alloy were examined by using high temperature tensile testing equipment, which has been described elsewhere. 18 ) Figure 1 shows the schematic diagram of the experimental equipment for the high temperature tensile testing of 'in situ' solidified specimens. 18) This equipment consists mainly of four parts, i.e., mirror furnace, temperature control unit, hydraulic system and data logging system. The mirror furnace consists of three gold-plated ellipsoidal shaped reflectors each fitted with a 400W-halogen lamp. A lamp was placed at one of the focal points of the ellipsoid and the specimen at the other. This equipment enables a zone in the middle of the specimen to melt and solidify without a crucible at a predetermined cooling rate. The melted zone was about 5 mm long. A specimen was 40 mm long and 4 mm in diameter. A thermocouple of Pt/Pt10mass%Rh type was placed in the center of the specimen for the temperature measurement and control of the furnace. A quartz tube was placed between the reflectors of the mirror and the specimen. The specimens were heated to about 15°C above the melting point of the alloy. They were then cooled down at a predetermined rate to the tensile test temperature. When the temperature had dropped to the desired level, the tensile test performed under the isothermal conditions.
The tensile test was carried out using a constant pulling rate 5 cm/min, which corresponds to a strain rate of 0.167 s
Ϫ1
. To simulate the solidification procedure during continuous casting, the cooling rates were set to 10 and 100°C/min.
Unidirectional Solidification
Unidirectional solidification equipment was used to investigate the solidification process of invar alloys. Figure 2 shows a schematic diagram of the unidirectional solidification equipment. It consists of a high frequency induction furnace and a rapid water-quenching unit to retain the high temperature structures of specimens during solidification. The alloy was melted in an alumina crucible, 2 mm in diameter and 250 mm long, which was placed in the furnace at 1500°C for 30 min prior to unidirectional solidification. The specimen was moved downwards at a predetermined velocity to determine the growth rate of the dendrites. The rapid water-quenching unit is controlled by a pneumatic system working with high-pressure air. To simulate the cooling rates at high temperature tensile testing, the solidification rates were controlled at 0.05 and 0.2 mm s 
Results
Hot Ductility (Reduction of Area)
Effects of alloy and cooling rate on the hot ductility were investigated. The transition temperature from ductile to brittle fracture (T DB ) was obtained by plotting the reduction of area as a function of tensile temperature. Reduction of area (RA) is defined as 10, 12) :
Where A b ϭoriginal cross sectional area of specimen before test A a ϭcross sectional area of specimen at fracture after test. Figure 3 shows the effect of cooling rate on RA in type 304 stainless steels. At a cooling rate of 10°C/min, the steel failed in a completely brittle manner above 1 450°C. With decreasing temperature, brittle failure continued to occur until the T DB was reached. The steels failed in a completely ductile manner below the T DB . The values of T DB at 10 and 100°C/min were found to be 1 410 and 1 420°C, respectively. Therefore the increase in cooling rates from 10 to 100°C/min caused the T DB to drop by 10°C. On the other hand, at the slow cooling rate of 10°C/min the T DB occurred gradually over a range of 30°C. Figure 4 shows the effect of cooling rate on RA in invar alloy. It can be seen that the cooling rate has a remarkable effect on RA. With an increase in cooling rate from 10 to 100°C/min, T DB shifts significantly to the higher temperature, i.e. from 1 320 to 1 390°C (DTϭ70°C). This indicates that an increased cooling rate can prevent the hot cracking formation in invar alloy.
Strength during and after Solidification
Strength during and after solidification was measured to investigate the reason why the hot cracking formation is different depending on the cooling rate and the alloy composition. From the tensile test data, the maximum force during pulling the specimen apart could be evaluated. In this study strength means the maximum tensile stress (s b ), which is defined as:
where F max ϭmaximum force to pull the sample apart A o ϭoriginal cross sectional area. Figure 5 shows the effect of cooling rate on the strength as a function of temperature for type 304 stainless steel. As cooling rate increases from 10 to 100°C/min, zero strength Figure 6 shows the effect of cooling rate on the strength as a function of temperature for an invar alloy. The ZST was 1 440°C, which temperature was not influenced by the cooling rate. Just below ZST, the strength begins to increase sharply with decreasing temperature. Within the temperature range of 1 430-1 330°C the strength increases linearly with decreasing temperature and below 1 350°C it rises sharply. It was found that the strength at 100°C/min is higher than at 10°C/min within the temperature range of 1 430-1 400°C.
Fracture Surface
The fracture surface of specimens with zero ductilty (RAϭ0%) was observed to find the reason for the hot cracking formation. Figure 7 shows the fracture surface of an invar alloy, which melted at 1 480°C and solidified at a cooling rate of 100°C/min and tensioned to fracture at 1 430°C. The fracture surface shows dendrite morphology. Cracks were found along the primary dendrite interfaces. These interfaces show very narrow, smooth and almost linear edges. The secondary dendrite morphology was found to be nearly annihilialted. Hot cracking formation in this case therefore is thought to be caused by the residual liquid film between the primary dendrites. These observation correspond to the results from other research. 3, 4, 9, 14) If specimens are tensioned at 1 370°C with a cooling rate of 100°C/min, they show completely ductile fracture. However in case of 10°C/min, they have a brittle fracture at zero ductilty (RAϭ0%). Figure 8 shows the fracture surface of an invar alloy. Fracture surface shows the grain boundary morphology rather than dendrite morphology. Cracks were observed to be occurred along the grain boundaries.
Unidirectional Solidification
To investigate why an invar alloy shows different fracture morphologies depending on the cooling rate as shown in Figs. 7 and 8 , the solidification sequences during and after solidification were observed by performing a unidirectional solidification experiment. The solidification rates were controlled as 0.05 mm s Ϫ1 and 0.2 mm s Ϫ1 under the temperature gradient of 2.1 K mm
Ϫ1
. Solidification rate of 0.2 mm s Ϫ1 in our unidirectional experimental apparatus is the maximum rate to have the good aggrement between solidification rate between pulling rate. Figure 9 shows a progressive solidification structure for an invar alloy. In this experiment the solidification rate was 0.05 mm s
. Dendrite tips can be observed on the left hand side and the fraction of the solid phase increases towards the right. The white area is the g phase and the dark area is the liquid phase before quenching. The dendrite tips are primary g phase. During cooling, primary dendrites of the g phase grow rapidly at the expense of the liquid. Secondary dendrites contact each other and are annihilated. At lower temperature, the morphology of the secondary dendrites changes into a linear shape and finally disappears. Thus it can be concluded that the invar alloy begins to solidify as a primary g phase and the solidification is completed without any phase transformation. The solidus temperature of the invar alloy was estimated to 1 433°C from an observation of unidirectional solidification structure. Figure 10 shows the solidification structure of an invar alloy under the experimental conditions of the solidification rate of 0.2 mm s
. Dendrite tips can be observed on the left hand side, but at this solidification rate of 0.2 mm s
, dendrite structures with random orientation were observed.
Although there seems large difference of cooling rates , Fig.10 ) in unidirectional solidification experiment and 100°C/mm in high temperature tensile experiments, cooling rate of 25.2°C/min in unidirectional solidification experiment is thought to be used for explanation of results of 100°C/mm (Figs. 4 and 7) because the solidification structure in both experiments is similar based on the solidification theory. As the cooling rate increases, the solidification structure leads to equiaxed dendritic structure from columnar dendritic structure. These solidification morhologies are also usually observed in a conventional casting. The equiaxed structure with random orientation was observed in case of 25.2°C/min. When cooling rate increases from 25.2 to 100°C/min, it can be expected that the solidification morphologies in case of 100°C/min will not be changed and form the same equiaxed dendrites with random orientation as in case of 25.2°C/min. Therefore it can be concluded that the solidification structure in 25.2°C/min and 100°C/min is similar, which makes it possible to explain the results of high temperature tensile experiment of cooling rate of 100°C/min based on the solidification structure obtained in the unidirectional solidification experiment of cooling rate of 25.2°C/min.
Discussion
Hot cracking is caused by a combination of low strength and low ductility of the material at high temperatures and applied tendile stress. Tensile stresses can develop from both mechanical and thermal stress in castings. [5] [6] [7] 17) It is well known that during solidification at high temperatures, the material is brittle in a temperature range near and below the solidus temperature, T s . There is a transition from brittle to ductile fracture at a certain temperature, which is called the transition temperature, T DB , or zero ductility temperature, ZDT. Above this temperature the material is very sensitive for hot cracking when the tensile stresses are applied.
In general it is believed that hot cracking is less sensitive if the solidification range is small. 7) However this is not valid for the invar alloy. It is very sensitive to hot cracking due to its low transition temperature of brittle to ductile fracture, T DB . Table 2 shows the liquidus temperature, the solidus temperature and the transition temperature of brittle to ductile fracture (T DB ) in invar alloy. The liquidus temperature was measured by DTA (Differential Thermal Analyzer). The solidus temperature was estimated by phase diagram and unidirectional solidification experment. The solidus temperature was lower by 12°C than the phase diagram. At the cooling rate of 10°C/min the T DB occurrs at around 113°C below the solidus temperature. The cooling rate has on a significiant effect on the T DB . T DB is increased to about 43°C below the solidus temperature when the cooling rate is increased to 100°C/min. This cooling rate dependency on T DB was also observed in the work by Rogberg 12) and Hansson, 18) where the high temperature properties of 'in-situ' solidified alloys were investigated.
The formation of hot cracks during solidification is usually explained by the presence of a small amount of liquid, which form liquid films under tensile stress. [1] [2] [3] [4] [5] The formation of liquid films is often related to the segregation of impurites auch as sulphur and phosporous.
The impurities were controlled on a very low level in the alloys used in this experiment. The sulphur and phosporus content of the invar alloys were 0.0014 mass% and 0.0027 mass%, respectively, which contents should be low enough not form the liquid films at around 1 320°C in the worst case with Scheil's segregation model. Liquid films was not also observed on the fracture surface of invar alloy (RAϭ 0%) having complete brittle behavior at a cooling rate of 10°C/min and 1 370°C, which is shown in Fig. 8 . Therefore this result of Fig. 4 can not be explained by the formation of liquid films. The thermal analysis with DTA could not show any reaction in the range from the solidus temperature to 1 320°C, which is in the range showing the complete brittle fractures (RAϭ0%).
It is also difficult to explain the observation that a higher cooling rate decreases the sensitivity to hot cracking formation in case of invar alloy having austenitic solidification. The microsegregation of impurites usually increases with increasing cooling rate and therefore the tendency for the formation of a low melting liquid films should increase. This is especially valid during austenitic solidification as the back diffusion is about 100 to 1 000 times slower than ferritic solidification. A decreased T DB with increased cooling rate should therefore be expected if the liquid films are causes for formation of hot cracks. It has been found that in this investigation and other's resuts 12, 18) that the effects of the cooling rate is the opposite for austenitic solidification. Therefore the theory for the formation of hot cracks caused by the presence of liquid films can not be valid in these cases.
Another explanation for the formation of hot cracks during solidification can be related to the morphology of solidification structure. A hot cracking mechanism in invar alloys is proposed based on the observations of unidirectional solidification and fracture surface. Figure 11 shows a schematic diagram relating solidification processes to hot cracking formation. It is divided into three different stages as follows. Stage 2b is the annihilation process of dendrites morphology during solidification, where interlocked secondary dendrites begin to change into a linear shape. As the temperature drops further, boundaries of primary dendrites within each grain are completely annihilated. At this stage, a liquid film is trapped between the interlocking dendrites because the free passage of liquid is blocked. At this stage strength of material is very low due to liquid film between the primary dendrites. If an external stress is applied to this material, hot cracks can easily occur. This type of hot cracks has been generally called as solidification cracking. [5] [6] [7] [8] Compared the fracture surface of hot cracks (Fig. 7 ) and a schematic diagram of solidification process (Fig. 11) , it was found that the fracture surface of hot cracks occurred along the primary dendrite boundary. It can therefore be concluded that solidification cracks in invar alloy with the cooling rate of 100°C/min occurred during this stage 2b. This type of solidification crack tends to increase with increasing cooling rate because a considerable amount of liquid film is formed as mentioned earlier.
In addition, the formation of solidification cracks can depend on the morphology of primary dendrite boundaries. If the morphology of primary dendrite boundary has the complicated zig-zag shape, or if the new second phase is formed between the primary dendrites, the solidification cracks are hard to occur due to the difficult propagagation of cracks through the primary dendrite boundary.
Stage 3. Grain Formation after Solidification
At stage 3, the boundaries of the primary dendrites within each grain finally disappear. Therefore, only grains are observed without dendrites morphology. In this study hot cracks formed at this stage are named as grain boundary cracks from the morphology of fracture surface shown in Fig. 8 .
The grain boundary crack can be explained as follows: It was proposed that the grain boundary cracks might be initiated from the micro-cavities nucleated during and after solidification of the materials. According to Fredriksson and Emi, 19) during and after solidification the lattice will rearrange and the vacancies will condense on the grain boundaries or form other types of lattice defects such as a sub-grain boubdaries. This proposal was also shown experimentally by Imura, 20) where X-ray measurements showed a dislocation region near the solid-liquid interface in gallium amd aluminium. Therefore the micro-cavities can be nucleated by the excess vacancy concentration and the diffusion of vacancies from the lattice to the grain boundary.
In case of invar alloy showing austenitic solidification it was found that a slow cooling rate gave a lower transition temperature than a fast cooling rate. This might be caused by the different propagation path of micro-cavities along the grain boundary, which are differently formed depending on cooling rate. Figure 12 shows the summarized schematic diagram of the formation mechanism of grain boundary crack depending on cooling rate. If invar alloys are solidified under a slow cooling rate, it will form the columnar solidification structures, which will be changed into large and straight grains with falling temperaure. Micro-cavities will nucleate at grain boundarys as mentioned earlier. When an external stress is applied to this material, micro-cavities will propagate easily along the straight boundaries and finally result in hot cracks. In other words, at higher cooling rate invar alloys will form the equiaxed solidification structure which will become small grains having the zig-zag grain boundary. This material has also a higher strength as shown in Fig. 6 . Hot cracks therefore might be hard to occur even at temperature where hot cracks occurred under a slow cooling rate.
Summary
To investigate hot cracking formation and its mechanism during continuous casting of invar alloys, hot ductility and the strength during and after solidification were estimated using high temperature tensile testing equipment. Fracture surfaces were observed and solidification structures during and after solidification were examined using unidirectional solidification equipment. The main results are summarized as follows.
(1) The invar alloy is very sensitive to hot cracking due to its low transition temperature of brittle to ductile fracture even though its solidification interval is narrow. At slow cooling rate of 10°C/min the transition temperature of brittle to ductile fracture is about 113°C below the solidus temperature.
(2) The cooling rate has on a significiant effect on the transition temperature of brittle to ductile fracture. An increased cooling rate in invar alloy increases transition temperature of brittle to ductile fracture. It is increased to about 43°C below the solidus temperature when the cooling rate is increased to 100°C/min (3) A mechanism of hot cracking formation in invar alloys has been proposed. Hot cracks in invar alloys with a fast cooling rate are formed between the primary dendrites due to the equiaxed solidification structure. However, at slow cooling rate, hot cracks are formed between the grain boundaries due to the columnar structure.
